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A new method was developed that makes it possible to use an extended 
set of independent calibration variables for an iterative analysis of wind tunnel 
strain gage balance calibration data. The new method permits the application 
of the iterative analysis method whenever the total number of balance loads 
and other independent calibration variables is greater than the total number of 
measured strain gage outputs. Iteration equations used by the iterative analysis 
method have the limitation that the number of independent and dependent 
variables must match. The new method circumvents this limitation. It simply 
adds a missing dependent variable to the original data set by using an additional 
independent variable also as an additional dependent variable. Then, the desired 
solution of the regression analysis problem can be obtained that fits each gage 
output as a function of both the original and additional independent calibration 
variables. The final regression coefficients can be converted to data reduction 
matrix coefficients because the missing dependent variables were added to the 
data set without changing the regression analysis result for each gage output. 
Therefore, the new method still supports the application of the two load iteration 
equation choices that the iterative method traditionally uses for the prediction of 
balance loads during a wind tunnel test. An example is discussed in the paper 
that illustrates the application of the new method to a realistic simulation of 
temperature dependent calibration data set of a six-component balance. 


Nomenclature 


AX 

Bi 

Ci 

MDj Cl ? * * * 5 C m 
MDj ^1 1 i Cn 

g 1 ,g 2 ,---,g p 

i 

3 

L 2, ■ ■ ■ , L p 

TO 

n 
N 
N 1 
N2 
V 

q 

Rl,R2, ■■ ■ ,R6 
RM 


= axial force (independent variable) 

= square matrix used by alternate load iteration equation (see also Ref. [4], p. 12) 
= square matrix used by primary load iteration equation (see also Ref. [4], p. 12) 

= regression coefficients based on original independent variable set 
= regression coefficients based on extended independent variable set 
= original dependent variable set (e.g., gage outputs) 

= index of original independent/dependent variable 

= index of additional independent/dependent variable 

= original independent variable set (e.g., balance forces and moments) 

= number of coefficients (excluding intercept) of original independent variable set 
= number of coefficients (excluding intercept) of extended independent variable set 
= number of coefficients (including intercept) of extended independent variable set 
= normal force at forward gage location (independent variable) 

= normal force at aft gage location (independent variable) 

= number of original independent/dependent variables 
= number of additional independent/dependent variables 
= strain-gage outputs (dependent variables) 

= rolling moment (independent variable) 
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s = p + q; sum of the number of original and additional independent variables 

51 = side force at forward gage location (independent variable) 

5 2 = side force at aft gage location (independent variable) 

T = assumed balance calibration temperature (additional independent/dependent variable) 

Ai, A 2 , • • • , A q = additional independent variable set (e.g., bellows pressures, calibration temperatures) 

I. Introduction 

In general, a mathematical representation of the calibration data of a wind tunnel strain-gage balance 
has to be found so that balance loads can be computed from measured strain-gage outputs during a wind 
tunnel test. This mathematical representation results from performing a global regression analysis of the 
balance calibration data set. 

Two different types of analysis methods are used in the wind tunnel testing community in order perform 
a global regression analysis of balance calibration data. They are called the iterative method and the 
non-iterative method (see Ref. [1] for a discussion of the two approaches). Many analysts prefer to use 
the iterative method. This approach considers the balance loads to be the independent variables and the 
strain-gage outputs to be the dependent variables of the global regression analysis problem. A more detailed 
discussion of the iterative method and different iteration equations that are traditionally used in the wind 
tunnel testing community can be found in Refs. [2], [3], and [4]. Assuming the iterative method is used for 
the regression analysis, we can write: 

Independent Variables => L i , L 2 , Ls , , L p 

v v ' 

original independent variables 

Dependent Variables => G\ , G 2 , G 3 , , G p 

'' — o' 

original dependent variables 

where L\, ■ ■ ■ , L p are the balance loads, G\, ■ ■ ■ , G p are the measured gage outputs, and p is the original 
number of independent (dependent) variables. 

The iterative method analyzes calibration data in several steps. First, gage outputs are fitted as a 
function of the balance loads. The corresponding regression model of the gage outputs has the following 
form: 

Gi = c 0 (i) + Ci(i) • L\ + ••• + c p (i) ■ L p + Cp+i(i) • \L\\ + ••• + c m (i) ■ \L p I 

' ; » ' ' ' l 1 ) 

intercept term linear terms absolute value Sc non-linear terms 


The iterative method is often applied to a six-component balance. Then, the regression model defined 
in Eq. (1) will have 97 possible terms assuming that the intercept and all 10 function classes (math term 
groups) defined in Ref. [2] are considered. 

In the next step, after the coefficients of the analyst’s chosen regression model have been computed using 
a global regression analysis approach, data reduction matrix coefficients are derived from these regression 
coefficients. Finally, these data reduction matrix coefficients are used in an iteration scheme so that balance 
loads can be predicted from measured strain-gage outputs during a wind tunnel test (see Refs. [3] and [4] 
for a detailed description of the two types of load iteration schemes that are used in the industry today). 

It is important to remember that the two load iteration equation choices of the iterative method have a 
common limitation that makes it difficult to directly include independent calibration variables like bellows 
pressure of air balances or calibration temperatures in the global regression analysis of the strain-gage 
outputs. This limitation may be summarized as follows: 

- LIMITATION OF LOAD ITERATION EQUATION CHOICES 
The number of independent variables (applied balance loads) must exactly 
match the number of dependent variables (measured strain gage outputs). 
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The limitation guarantees that (i) the inverse of matrix Ci used by the primary load iteration equation, 
and, (ii) the inverse of matrix Bi used by the alternate load iteration equation can be computed (see Ref. [4], 
Eqs. (28) and (29), for a precise definition of the primary and alternate load iteration equations that may 
be used with the iterative method) . 

Sometimes, the number of independent balance calibration variables is greater than the number of 
dependent variables as strain-gage outputs may not exclusively be a function of balance loads. A six- 
component air balance is a typical example for this situation. Two bellows pressures may be applied during 
the calibration in addition to the six balance loads. Consequently, the number of independent calibration 
variables is eight as each gage output depends on six balance loads and two bellows pressures. The total 
number of gage outputs, however, remains six. Therefore, a question arises: 

- QUESTION 

Is it somehow possible to apply the iterative method if the total number of 
independent variables (balance loads plus additional independent variables) is 
greater than the number of dependent variables (measured strain gage outputs)? 

The answer to the question is “yes.” A new method was developed by the author in 2009 that circumvents 
the limitation of the two load iteration equation choices. Key ideas of the new method will be discussed 
in the next section of the paper. Then, a simulated calibration data set is used in order to illustrate the 
application of the new method to a realistic balance calibration data set. 

II. Description of New Method 

The new method was designed to circumvent the limitation of the load iteration equation choices that 
was discussed above. It simply adds missing dependent variables to the given calibration data set by using 
the additional independent calibration variables also as additional dependent variables. Then, the desired 
regression model of the individual gage outputs can be obtained that uses all independent calibration vari- 
ables, i.e., the original balance loads plus the additional independent variables, to describe the observed 
physical behavior of the gage outputs. 

The new method’s approach may be better understood if both independent and dependent variables and 
the corresponding regression models are expressed mathematically. We know that the set of independent 
variables, i.e., the balance loads (L i, • • • , L p ) plus all additional independent variables (Ai, • • • , A q ), may be 
written as follows: 

Independent Variables => L\ , L 2 , T 3 , , L p , Ai , A 2 , A 3 , , A q 

v -/ v s 

V V 

original independent variables additional independent variables 


where p is the number of loads, i.e., the number of original independent variables, and q is the number of 
additional independent variables. Now, after considering the additional independent variables (Ai, • • • , A q ) 
also to be additional dependent variables, we can list the dependent variables as follows: 

Dependent Variables ==> Gi , G 2 , G 3 , , G p , Ai , A 2 , A 3 , , A q 

N. ✓ N. > 

V V 

original dependent variables additional dependent variables 


The extended list of independent and dependent variables will make it possible to assemble the linear 
equation set that is needed to develop an iterative method solution from the calibration data set. The linear 
equation describing the gage outputs as a function of the independent variables, i.e., as a function of balance 
loads and additional independent variables, is simply given by the equation: 

C\{i) • L\ + • • • + c p (i) ■ L p + c p +i{i) • A\ + • • • + c p + g (i) • A q 

' — ' ' -v- ' 

linear terms additional independent variables 

, (2a) 

Cp+g+l (2) 1-^1 1 H - ’ H - ^n(^) * \-^-q\ 

S v ' 

absolute value &; non— linear terms 


Gi = co(i) 

intercept term 
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Let us assume, for example, that a single additional independent variable like the calibration temperature 
is added to a calibration data set of a six-component balance. Then, the regression model terms defined 
in Eq. (2a) have to be chosen from a list of 161 terms if the intercept and all math term groups defined in 
Ref. [2] are included. Ultimately, Eq. (2a) leads to a regression problem solution that fits the individual gage 
outputs as a function of all independent variables. The final result of this least squares fit is given by the 
regression coefficient values Cq, ci, • ■ • , c n . 

The reader must remember that the linear equation of each of the additional dependent variables is very 
simple. It is given as follows: 


Aj(dep.) — 0 T 0 • L\ T * * * T 0 • Aj—\ -f^l ' Aj (indcp.) T 0 • T • • • T 0 • \L\ \ — t— • - • — t— 0 * |A 


(2b) 


intercept , linear terms , additional independent variables, absolute value &; non-linear terms 


In other words, the coefficients of the regression model of an additional dependent variable are already 
known based on theoretical considerations. They are not computed using a least squares fit. Equation (26) 
shows that all coefficients of an additional dependent variable must be zero with the exception of the coeffi- 
cient of the additional independent variable that is identical to the additional dependent variable (see also 
red oval in Eq. (26)). This coefficient must have a value of one. 

In the next section of the paper a simulated balance calibration data set is used to demonstrate the 
application of the new method to an extended independent variable set. 

III. Discussion of Example 

A. Balance Calibration Data Simulation 

For the present study the author decided to use calibration data of a six-component balance in order 
to prepare a simulated data set that could be used to demonstrate the application of the new method. 
Manual calibration data of NASA’s MC60D balance was selected for the simulation as the manufacturer 
of the balance (Triumph/Force Measurement Systems) supplied temperature senitivities of the six balance 
gages that could be used to construct a temperature dependent calibration data set. 

The MC60D balance is shown in Fig. 1. Table 1 below summarizes important features of the balance 
and the calibration data set that was used for the present study. 

Table 1: Balance and calibration data set characteristics of the MC60D balance. 


CHARACTERISTIC 

DESCRIPTION 

BALANCE TYPE 

force balance 

DIAMETER 

2.0 [in] 

EXCITATION VOLTAGE 

6.0 [V] 

CALIBRATION DATE 

December 2008 

CALIBRATION METHOD 

manual calibration 

NUMBER OF ORIGINAL CALIBRATION POINTS 

175 


Table 2 lists load capacities of the balance: 

Table 2: Load capacities of the MC60D balance. 



N 1, lbs 

N 2, lbs 

SI, lbs 

52, lbs 

RM, in-lbs 

AX , lbs 

CAPACITY 

2500 

2500 

1250 

1250 

5000 

700 


The balance was originally calibrated using a manual calibration approach. A total of 175 calibration 
points were recorded in 17 load series. The temperature was kept constant during the entire calibration. For 
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the present study it was assumed that the original calibration data (i.e., load series 1 to 17) was recorded at 
a nominal temperature of 70 [degF]. Then, temperature sensitivity information of the balance manufacturer 
was used to simulate gage outputs at 110 [degF] and 150 [degF]. Consequently, an additional 350 calibration 
points were obtained (i.e., load series 18 to 51) that were added to the original calibration data set (i.e., 
load series 1 to 17). The simulated gage outputs at the two additional temperature levels were obtained 
by applying a linear extrapolation to the gage outputs that were measured at the nominal temperature of 
70 [degF]. The extrapolation was performed using the following relationship: 

Gi(T) = Gi( 70 [degF]) + ^ T - 70 [degF] j (3) 

where dGi/dT is the manufacturer supplied temperature sensitivity of the strain-gage with the index i. The 
loads for the simulated additional two data sets, on the other hand, were assumed to be identical with the 
loads that were used at the nominal calibration temperature of 70 [degF]. 

Table 3 below summarizes important assumptions that were used to simulate the influence of tempera- 
ture changes on the original calibration data. 

Table 3: Assumed calibration temperature, loads, and gage outputs of different load series ranges. 


SERIES 

NUMBER OF 

ASSUMED 

LOADS 

GAGE OUTPUTS 

REMARKS 

RANGE 

POINTS 

TEMPERATURE 




1 to 17 

175 

70 [degF] 

as applied 

as measured 

supplied by Triumph/FMS 

18 to 34 

175 

110 [degF] 

as applied 

extrapolated 

simulated data 

35 to 51 

175 

150 [degF] 

as applied 

extrapolated 

simulated data 


Table 4 lists temperature sensitivities of the six gages of the MC60D balance that were used to compute 
simulated gage outputs after applying the linear extrapolation relationship that is defined in Eq. (3). 


Table 4: Temperature sensitivities of strain-gages of the MC60D balance. 


GAGE 

INDEX 

GAGE 

OUTPUT 

dGi/dT , [milli V] / [degF] 
(supplied by Triumph/FMS) 

dGi/ dT , [micro V / V] / [degF] 
(converted) 

1 

Rl 

-0.000007 

-0.00117 

2 

R2 

-0.000140 

-0.02333 

3 

R3 

+0.000091 

+0.01517 

4 

RA 

+0.000074 

+0.01233 

5 

R5 

+0.000123 

+0.02050 

6 

R6 

-0.000070 

-0.01166 


Figure 2 shows parts of the final calibration data input file that was used for the present study. The 
original data (subset 1, 175 data points) and the two simulated data sets (subsets 2 & 3, 350 data points) of 
the calibration data are depicted. In addition, the independent and dependent variables of the calibration 
data set are marked. The calibration temperature was introduced as the 7th independent/dependent variable 
of the simulated calibration data set. Blue ovals in Fig. 2 illustrate the simulated temperature influence on 
the gage outputs of three data points. These three data points experienced identical loadings that are 
highlighted by green ovals. 

Figure 3a shows the applied calibration loads for both the original and simulated data subsets. They 
are the original independent variables of the global regression problem. Figure 3b shows the measured and 
simulated gage outputs for both the original and simulated data subsets. They are the dependent variables 
of the global regression problem. 

In the next section of the paper the application of a candidate math model search algorithm to the 
simulated data set is discussed. The candidate math model search provided optimized regression models of 
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the six strain-gage outputs that met strict statistical quality requirements. They were used for the final 
regression analysis of the simulated data set using the iterative method. 

B. Candidate Math Model Search 

During the past six years a candidate math model search algorithm was developed at Ames Research 
Center that identifies optimized regression models of multivariate experimental data sets (see Refs. [1], [5], 
and [6] for a description of different aspects of the algorithm). The algorithm was implemented in NASA’s 
regression analysis tool BALFIT and has been applied to the simulated data set that was described in the 
previous section. The final result of the candidate math model search depends on the experimental data 
set and the combination of search parameter that the user may choose in BALFIT’s user interface. Table 5 
below lists the settings that were chosen for the candidate math model search. 

Table 5: Candidate math model search parameter selections. 


CANDIDATE MATH MODEL SEARCH PARAMETER 

SELECTION 

MATH TERM GROUP COMBINATION 

x, x 2 , xy 

INTERCEPT 

included 

TARE LOAD CORRECTION 

not required 

SEARCH CONSTRAINT 1: HIERARCHY RULE 

applied during search 

SEARCH CONSTRAINT 2: VARIANCE INFLATION FACTOR MAXIMUM 

< 10 

SEARCH CONSTRAINT 3: P- VALUE OF T-STATISTIC MAXIMUM 

< 0.001 

SEARCH STRATEGY (defined in Ref. [1], p. 5) 

forward selection 

IDENTIFICATION METRIC (defined in Ref. [1], p. 5) 

search metric minimum 


Figure 4 depicts the candidate math model search metric versus the number of candidate math model 
terms. The search metric was minimized during the math model search. The blue symbols in Fig. 4 mark 
the search metric value of the recommended math model of each of the six balance gages. 

Figure 5 depicts terms of the recommended math model of the balance gages Rl to R6. The recom- 
mended math model of the calibration temperature T(dep.), i.e., of the additional dependent variable, is 
also shown. These seven math models were used for the final regression analysis of the simulated balance 
calibration data set. Three observations can be made if the term selection given in Fig. 5 is analyzed: 

Observation 1: The candidate math model search recommended to only use the linear term of the 
calibration temperature T{indep.). This result is expected because the simulated data was generated using a 
linear relationship between the calibration temperature change and the electrical outputs of the gages. This 
linear relationship was “hidden” in the simulated strain-gage outputs. 

Observation 2: The candidate math model search concluded that the first gage output Rl is independent 
of the calibration temperature (see also red ovals in Fig. 5). This result can be understood after comparing 
the temperature sensitivities that were used to simulated the gage outputs at different temperature levels 
(see Table 4). Comparing the temperature sensitivities we conclude that the temperature sensitivity of the 
first gage output Rl is one order of magnitude smaller than the temperature sensitivity of the remaining 
five gages. Therefore, the optimization algorithm correctly predicted that the temperature sensitivity of the 
first gage output Rl is negligible if compared with the temperature sensitivity of the remaining five gages. 

Observation 3: The recommended math model of the calibration temperature T(dep.), i.e., of the ad- 
ditional 7th dependent variable of the simulated calibration data set, is exclusively a function of the corre- 
sponding matching independent variable T(indep.) (see also blue ovals in Fig. 5). This result is expected as, 
by design, each value of T(indep.) exactly matches each value of T(dep.). Therefore, the coefficients of all 
other terms of the regression model of T{dep.) must be zero. 

In the next section of the paper the final analysis results of the application of the recommended math 
models to the simulated data set are discussed in more detail. 
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C. Iterative Data Analysis Results 

Recommended math models shown in Fig. 5 were used to perform the final analysis of the simulated 
data set. First, least squares solutions of the regression models of the seven dependent variables, i.e., Rl, 
■ ■ >, R6, T(dep.), were obtained. Corresponding regression coefficients are listed in Fig. 6. The total number 
of possible regression coefficients ( N ) is 127 as the total number of independent variables (s) is 7. The total 
number of regression coefficients for other values of the total number of original and additional independent 
variables is given by the following formula: 

N = l + 2- s- (s + 2) (4) 

Only 50 of 127 coefficient rows of the regression coefficient matrix are shown in Fig. 6. Coefficient values 
of term T(indep.) of all dependent variables are highlighted in red color in Fig. 6 and listed in Table 6. 

Table 6: Coefficient values of regression model term T(indep.). 


DEP. VARIABLE 

COEFFICIENT OF T(indep.) 

COMMENTS 

Rl 

0 

not used 

R2 

-0.02333 

least squares fit result 

R3 

+0.01517 

least squares fit result 

Rl 

+0.01233 

least squares fit result 

R5 

+0.02050 

least squares fit result 

R6 

-0.01166 

least squares fit result 

T(dep.) 

1.0 

automatically assigned 


Comparing numerical values listed in the second column of Table 6 with temperature sensitivities listed 
in the last column of Table 4 we see that they show excellent agreement. This result can be better understood 
after revisiting Eq. (3) that was used to simulate temperature effects in the extended calibration data set. 
Equation (3) may also be written as follows: 


Gi(T(indep.)) 


Gi( 70 {degF}) - • 70 [degF] 

V 

constant term , contained in intercept 


dGi 

dT 

coef ficient 


T(indep.) 


( 5 ) 


The linear relationship between gage outputs and calibration temperature change was intentionally 
enforced when the simulated gage outputs of load series 18 to 51 were generated using Eq. (3). Equation (5), 
i.e., the alternate form of Eq. (3), shows that the simulation added a constant and a temperature dependent 
term to the original gage outputs. The constant term is absorbed in the intercept term after the completion 
of the least squares fit. The first derivative of the temperature dependent term, on the other hand, becomes 
the coefficient of regression model term T(indep.). 

Figure 7 shows the data reduction matrix coefficients that were obtained from the regression coefficients 
depicted in Fig. 6. Again, only 50 of the 127 coefficient rows are shown. Finally, the data reduction matrix 
coefficients listed in Fig. 7 were used in combination with the primary load iteration equation in order to 
compute the fitted calibration loads of the 525 data points of the simulated balance calibration data set. 
The corresponding load residuals of the six balance load components, i.e., the differences between fitted and 
applied calibration load, are shown in Fig. 8. The residuals are small and well within the 0.25 % threshold 
that is used at Ames as a load residuals quality metric. 


IV. Summary and Conclusions 

A new method was presented that makes it possible to use the iterative method in combination with 
an extended set of independent calibration variables for the regression analysis of wind tunnel strain-gage 
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balance calibration data. The extended set of independent variables consists of balance loads and additional 
independent variables that influence electrical outputs of strain-gages. Additional independent variables 
could be, for example, bellows pressures of an air balance, or, a calibration temperature. A simulation of a 
temperature dependent calibration data set was used to demonstrate the application of the new method. 

The new method supports both load iteration equation choices that are used in the wind tunnel testing 
community. Therefore, the method can easily be implemented in an existing wind tunnel facility that uses 
the iterative method. Only a few changes need to be made to the analysis software that processes balance 
calibration data and to the data system software that computes balance loads during a wind tunnel test: 

(1) The analysis software must have the ability to process a regression model of strain-gage outputs 
that is constructed from an extended set of independent variables. Existing software often supports a six- 
component balance. In that case, the analysis software must be modified to generate a data reduction matrix 
that uses, e.g., 7, 8, or more independent calibration variables. 

(2) The analysis software must have the ability to automatically identify all additional independent and 
dependent variables of an extended balance calibration data set. 

(3) The analysis software must have the ability to automatically assign, i.e., not compute, coefficients of 
the regression model of an additional dependent variable. All numerical values of an additional dependent 
variable must, by design, exactly match all numerical values of one of the additional independent variables. 
The coefficient of this matching independent variable must be set to one. The coefficients of all other terms 
of the regression model of the additional dependent variable must be set to zero. 

(4) The data system software must have the ability to read and process an extended data reduction 
matrix format so that balance loads can be predicted during a wind tunnel test from (i) the measured 
strain-gage outputs and (ii) the measured values of the additional independent variables. 

The new method is implemented in NASA’s analysis software tool BALFIT. It is also available for use 
in a production wind tunnel environment as the data system software of Ames’ Unitary Plan Wind Tunnel 
supports the new method. In 2010, the new method was successfully applied to a complex wind tunnel test 
that used an air balance. This air balance is a modified six-component balance that was calibrated using 
two bellows pressures as additional independent variables. 
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Fig. 1 NASA’s MC60D strain-gage balance (photo courtesy of Triumph/FMS). 


| LOAD | 

T 


TEMPERATURE 
AS INDEP. VAR. 


GAGE OUTPUT 


TEMPERATURE 
AS DEP. VAR. 


SUBSET 1 : loriginal call 

P-l-OOi 1 

P-1-002 1 

P-1-003 1 

P-1-004 1 

P-1-005 1 

P-1-006 1 


P-1-170 

P-1-171 

P-1-172 

P-1-173 

P-1-174 

P-1-175 


17 

17 

17 

17 

17 

17 


I SUBSET 2:|simulated 
P-2-UU1 18 

P-2-002 18 

P-2-003 18 

P-2-004 18 

P-2-005 18 

P-2-006 18 


P-2-170 

P-2-171 

P-2-172 

P-2-173 

P-2-174 

P-2-175 


34 

34 

34 

34 

34 

34 


I SUBSET 3:|simulated 

1 i' i i 1 


M-UU1 

P-3-002 

P-3-003 

P-3-004 

P-3-005 

P-3-006 

P-3-170 

P-3-171 

P-3-172 

P-3-173 

P-3-174 

P-3-175 


35 

35 

35 

35 

35 

35 

51 

51 

51 

51 

51 

51 


I y 


ita assumed to be recorded at 70 degF (supplied by Trlumph/FMS) 



0 
0 
0 
0 
0 
0 

0 

0 

0 

5.00E-05 

5.00E-05 

0 


0 
0 
0 
0 
0 
0 

-898.47 

-1197.96 

-898.47 

-598.98 

-299.49 

0 



898.47 

1197.96 

1497.45 

898.47 

0 

0 

0 

0 

0 

0 


0 
0 
0 
0 
0 
0 

0 

0 

0 

5.00E-05 

5.00E-05 

0 


0 
0 
0 
0 
0 
0 

-898.47 

-1197.96 

-898.47 

-598.98 

-299.49 

0 



0 

0 

0 

0 

0 

0 

0 

0 

0 

5.00E-05 

5.00E-05 

0 


0 

0 

0 

0 

0 

0 

-898.47 

-1197.96 

-898.47 

-598.98 

-299.49 

0 


data assumed to be recorded at 110 degF 


data assumed to be recorded at 150 degF 


70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 


110 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 

no 


150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 


<- 


INDEPENDENT VARIABLES 




343 

456.8667 
571.8333 

342.8667 

-1.95 

-2.61667 

-2.08333 

- 1.1 

-0.66667 

0 


U 4, 3532 , 
27H. 6 b"?^ 
342.9532 

456.8199 
571.7865 

342.8199 

-1.9968 

-2.66347 

-2.13013 

-1.1468 

-0.71347 



-2.71027 

-2.17693 

-1.1936 

-0.76027 

-0.0936 


R2(dep.) 

R3(dep.) 

R4( dep : 

R5(dep.) 

R6(dep.) 

T(dep.) 













) 3.95 

-4.63333 

7.433333 

12.55 

0.8 

70 

9.316667 

-8.11667 

13.96667 

22.31667 

1.35 

' 

14.41667 

-11.9833 

20.83333 

32.53333 

2 

" 

20 

-15.8167 

27.7 

42.13333 

1.85 

70 

25.11667 

-19.0167 

34.73333 

52.26667 

2.966667 

70 

14.75 

-11.8167 

20.26667 

31.61667 

1.65 

70 

... 

... 

... 

... 

... 

... 

-7.81667 

3.45 

-421.833 

-10.6167 

-0.35 

70 

-10.4667 

3.833333 

-561.417 

-12.7 

-0.13333 

70 

-8 

3.416667 

-421.783 

-10.6333 

-0.45 

" 

-5.2 

2.65 

-282 

-8.08333 

-0.15 

70 

-2.51667 

1.733333 

-141.433 

-4.91667 

0.05 

70 

-0.18333 

0.016667 

0.216667 

0.15 

0.05 

" 













) 3.0168 

-4.02653 

7.926533 

13.37 

0.3336 

. : 

8.383467 

-7.50987 

14.45987 

23.13667 

0.8836 

. : 

13.48347 

-11.3765 

21.32653 

33.35333 

1.5336 

1 1 J 

19.0668 

-15.2099 

28.1932 

42.95333 

1.3836 

no 

24.18347 

-18.4099 

35.22653 

53.08667 

2.500267 

no 

13.8168 

-11.2099 

20.75987 

32.43667 

1.1836 

no 

... 

... 

... 

... 

... 

... 

-8.74987 

4.0568 

-421.34 

-9.79667 

-0.8164 

no 

-11.3999 

4.440133 

-560.923 

-11.88 

-0.59973 

no 

-8.9332 

4 023467 

-421.29 

-9.81333 

-0.9164 

no 

-6.1332 

3.2568 

-281.507 

-7.26333 

-0.6164 

no 

-3.44987 

2.340133 

-140.94 

-4.09667 

-0.4164 

no 

-1.11653 

0.623467 

0.709867 

0.97 

-0.4164 

. : 













> 2.0836 

-3.41973 

8.419733 

14.19 

-0.1328 

l : 

7.450267 

-6.90307 

14.95307 

23.95667 

0.4172 

150 

12.55027 

-10.7697 

21.81973 

34.17333 

1.0672 

150 

18.1336 

-14.6031 

28.6864 

43.77333 

0.9172 

ISO 

23.25027 

-17.8031 

35.71973 

53.90667 

2.033867 

150 

12.8836 

-10.6031 

21.25307 

33.25667 

0.7172 

150 

-9.68307 

4.6636 

-420.847 

-8.97667 

-1.2828 

150 

-12.3331 

5.046933 

-560.43 

-11.06 

-1.06613 

. 

-9.8664 

4.630267 

-420.797 

-8.99333 

-1.3828 

150 

-7.0664 

3.8636 

-281.014 

-6.44333 

-1.0828 

150 

-4.38307 

2.946933 

-140.447 

-3.27667 

-0.8828 

150 

-2.04973 

1.230267 

1.203067 

1.79 

-0.8828 

150 


: 


DEPENDENT VARIABLES 




Fig. 2 Balance calibration data input file (original plus simulated data). 
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59.9 % 


N1, % OF LOAD CAPACITY (2500.0 [lbs]) 



N2, % OF LOAD CAPACITY (2500.0 [lbs]) 



SI, % OF LOAD CAPACITY (1250.0 [lbs]) 



S2, % OF LOAD CAPACITY (1250.0 [lbs]) 



100 200 300 400 500 

DATA POINT INDEX 



100 200 300 400 500 

DATA POINT INDEX 


57.0 % 


0.0 % 


- 57.0 % 


AX, % OF LOAD CAPACITY (700.0 [lbs]) 


1 3 5 7 A 9 | 11 13 15 17 19 I 21 23 J 27 2& 31 33 35 37 3^ 41 Jl 43 45 47 |9 51 1 

2 4 6 fel 10 12 14 16 18 20 22 24 1 1 26 28 > 30 32 34 36 38 1 40 H 44 46 48 1 50 


4 6 8 10 12 14 16 18 20 22 24 26 28 j 30 32 34 36 38 ; 40 42 44 46 48 j 50 

3 5 7 9 I 11 13 1 15 17 19 I 21 23 25 27 26 31 33 35 37 39 41 43 45 47 49 51 1 


100 


200 300 

DATA POINT INDEX 


400 


500 


Fig. 3a Original Independent Variables: Balance calibration loads versus data point indices. 
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100 200 300 400 500 

DATA POINT INDEX 


R2, % OF GAGE OUTPUT CAPACITY (697.97 [microV/V]) 



R3, % OF GAGE OUTPUT CAPACITY (551.91 [microV/V]) 



R4, % OF GAGE OUTPUT CAPACITY (565.00 [microV/V]) 



R5. % OF GAGE OUTPUT CAPACITY (1073.73 [microV/V]) 



R6, % OF GAGE OUTPUT CAPACITY (479.33 [microV/V]) 



Fig. 3b Original Dependent Variables: Strain-gage outputs versus data point indices. 
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SEARCH METRIC VALUE, % OF GAGE OUTPUfLCAPACITY 


1 ,0e+01 


1 .Oe + OO 


1 ,0e-01 


1 ,0e— 02 


Z 1 1 1 1 

FORWA 

RD SELEC1 

1 1 1 1 

'ION 

1 1 1 1 Z 

\ \ 

\ \ 
x\ '< 

A A* 




: * 

\ \ 

~ \ 5 

\ 'T\ 

- 

S 

\ 

* 

£*§ * , 
’ ¥.£ 6 .2$ 

§ ES doliv'- 

fg- 'g — — ■ g 

1 — 0 — ^ — B 

1 1 1 1 

# xWi 
'+-+5 

1 1 1 1 

'■■■ hk 

1 1 1 1 

£-x- - v- x x ■> 

?- -A- —A— A- - A - t? 

1 1 1 1 

i — x — X — X — 

i — A — A — A 

<= -- X- -- 

1 1 1 1 


0 5 10 15 20 25 

NUMBER OF TERMS OF CANDIDATE MATH. MODEL 

BLUE SYMBOL MARKS RECOMMENDED MATH MODEL 


GAGE OUTPUT SYMBOL 

R1 R2 R3 R4 R5 R6 

+ * O A □ X 


Fig. 4 Candidate math model search metric versus number of math model terms. 
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INDEX 

1 

2 

3 

4 

5 

6 

7 

8 


NUMBER OE TERMS = 10, 14, 9, 12, 13, 11, ' 

HIERARCHICAL: R1, R2, R3, R4, R5, R6, T(dep.) 

(HIERARCHY ANALYSIS USES lF*Gl = iFklGl, IF»F*FI = IF|»IFI* IFI, lFl*lEl = E*F) 


ADDITIONAL 
DEP. VARIABLE 


COEFFICIENT 
INTERCEPT 
N 1 
N2 

51 

52 
RM 
AX 


T(indep.) 


9 

InTI 

10 

1 N2 1 

1 1 

IS1 

12 

iS2l 

13 

IRM 

14 

1 AX 1 

15 

iT(indep.) 

16 

N1*N1 

17 

N2*N2 

18 

S1*S1 

19 

S2*S2 

20 

RM*RM 

21 

AX*AX 

22 

T(indep.)*T(indep.) 

23 

n i in 1 1 

24 

N2*lN2l 

25 

S1*IS1 

26 

S2*IS2 

27 

RM* 1 RM 1 

28 

AX*lAX 

29 

T(indep.)*lT(lndep.) 

30 

N 1 *N2 

31 

N 1 *S 1 

32 

N 1 *S2 

33 

N 1 *RM 

34 

N 1 *AX 

35 

N 1 *T(indep.) 

36 

N2*S1 

37 

N2*S2 

38 

N2*RM 

39 

N2*AX 

40 

N2*T(indep.) 

41 

SI *S2 

42 

SI *RM 

43 

S 1 *AX 

44 

SI *T(indep.) 

45 

S2*RM 

46 

S2*AX 

47 

S2*T(indep.) 

48 

RM*AX 

49 

RM*T(indep.) 

50 

AX*T(indep.) 


(^) 


R2 


R3 


R4 


R5 




Fig. 5 Recommended math models of all dependent variables (only 50 of 127 coefficient rows are shown). 
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REGRESSION COEFFICIENT MATRIX 
R3 R4 


GAGE_OUT_NAME 

GAGE_OUT_UNIT 

INTERCEPT 

N1 

N2 

51 

52 
RM 


R1 

microV/V 
-3.394912e-02 
3.805402e-01 
-1.064056e-03 
-8. 113330e-03 
1.482529e-03 
7.249169e-03 


R2 

microV/V 

1.762373e+00 

1.512768e-02 

4.636386e-01 

1.572993e-01 

1.147374e-02 

-3.641411e-02 


microV/V 
-1.054617e+00 
-1.304557e-02 
-1.430480e-03 
4. 593450e-01 
-3.444924e-03 
1.193664e-04 


microV/V 
-8.418984e-01 
2.301752e-02 
-1.933541e-03 
1.863997e-02 
4. 701974e-01 
3.630710e-02 


R5 

microV/V 
-1.579497e+00 
3.674621e-02 
-1. 136899e-02 
-2.919441e-02 
6.487459e-03 
2.669301e-01 


R6 

microV/V 
8 . 546633e-01 
2.279791e-03 
-4.737361e-04 
-1.627261e-03 
0 . 000000e+00 
1.185475e-02 


T(dep.) 

degF 

0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


AX 

TCindep.) 
I Nil 
IN2I 
I SI I 
IS2I 
IRMI 
I AX I 

IT(indep.) I 
N1*N1 
N2*N2 
S1*S1 
S2*S2 
RM*RM 
AX*AX 

T(indep. )*T(indep.) 

Nl* I N1 I 
N2* I N2 I 
SI* I SI I 
S2* I S2 I 
RM* I RM I 
AX* I AX I 

T(indep.)* IT(indep.) I 
N1*N2 
N1*S1 
N1*S2 
N1*RM 
N1*AX 
Nl*T(indep.) 
N2*S1 
N2*S2 
N2*RM 
N2*AX 
N2*T(indep . ) 
S1*S2 
S1*RM 
S1*AX 
Sl*TCindep . ) 
S2*RM 
S2*AX 
S2*T(indep.) 

RM*AX 
RM*T(indep.) 
AX*T(indep . ) 


0.000000e+00 -2 . 333000e-02 1.517000e-02 1.233000e-02 2.050000e-02 -1. 166000e-02 1.000000e+00 I 


V) . wwwwwwe+ww 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
1.033800e-06 
3. 117077e-07 
0 . 000000e+00 
-4. 339874e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
9.752645e-07 
1.497467e-06 
1.694179e-06 
1.908978e-06 
6. 515069e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-1. 509473e-06 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-6.667183e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
4.612807e-07 
9.823289e-07 
0 . 000000e+00 
7.596264e-07 
8.691516e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


WT000000e+0e> 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-8.097094e-07 
2 . 325573e-06 
-1.423645e-06 
-4. 214591e-06 
-2.981815e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-3. 738959e-06 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-2.015103e-07 
0 . 000000e+00 
-1. 102441e-06 
0 . 000000e+00 
1.056434e-06 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
3.050592e-06 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


Fig. 6 Regression coefficient matrix coefficients (only 50 of 127 coefficient rows are shown). 
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LOAD_NAME 

LOAD_UNIT 

INTERCEPT 

[C1INV] 

R1 

R2 

R3 

R4 

R5 

R6 

T(dep.) 

[C1INVC2] 

I Nil 
IN2I 
I SI I 
IS2I 
IRMI 
I AX I 

IT(indep.) I 
N1*N1 
N2*N2 
S1*S1 
S2*S2 
RM*RM 
AX*AX 

T(indep.)*T(indep.) 

Nl* I N1 I 
N2* I N2 I 
SI* I SI I 
S2* I S2 I 
RM* I RM I 
AX* I AX I 

T(indep.)* IT(indep.) I 
N1*N2 
N1*S1 
N1*S2 
N1*RM 
N1*AX 
Nl*T(indep.) 
N2*S1 
N2*S2 
N2*RM 
N2*AX 
N2*T(indep.) 
S1*S2 
S1*RM 
S1*AX 
Sl*T(indep. ) 
S2*RM 
S2*AX 
S2*T(indep. ) 

RM*AX 

RM*T(indep.) 

AX*T(indep.) 


DATA REDUCTION MATRIX 


Nl 

N2 

SI 

S2 

RM 

AX 

T(indep . ) 

lbs 

lbs 

lbs 

lbs 

in-lbs 

lbs 

degF 

-3 . 39491Ze-02 

1.762373e+00 

-1.054617e+00 

-8.418984e-01 

-1.579497e+00 

8 . 546633e-01 

0 . 000000e+00 


2 . 636071e+00 
4.421568e-03 
4.096360e-02 
-7.083644e-03 
-7. 506106e-02 
1. 130379e-01 
2.425852e-03 


-1.362766e-01 
2 . 161605e+00 
-7.207095e-01 
-6. 194326e-02 
3 . 149318e-01 
-1. 711501e-01 
5 . 367547e-02 


7.375559e-02 
6. 843179e-03 
2. 175074e+00 
1. 559243e-02 
-4.071820e-03 
-2.052633e-03 
-3.296893e-02 


-1.046417e-01 
1.293115e-03 
-1.070539e-01 
2 . 130148e+00 
-2.803347e-01 
-1.426673e-01 
-2.052719e-02 


-3 . 580819e-01 
9.217462e-02 
2.041565e-01 
-5 . 172879e-02 
3 . 776413e+00 
-1.960773e-02 
-7.795390e-02 


-1.423766e-03 
-5.632667e-05 
5 . 700654e-04 
5 . 209489e-04 
-3.702959e-02 
8.328813e-01 
1.045412e-02 


0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
1 . 000000e+00 


0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
2 . 736902e-06 
6.467866e-07 
-1.026644e-08 
-8. 246104e-07 
1. 385228e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
3.381583 e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
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3 . 866003e-06 
3.402478e-06 
2 . 811236e-06 
1.079747e-06 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-3. 784994e-06 
0 . 000000e+00 
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1.005995e-08 
1. 705623e-08 
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-4. 371716e-07 
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0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
1.048160e-06 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
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0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-3.494113e-06 
8.757922e-06 
-5. 198494e-06 
-1. 562397e-05 
-1. 131679e-06 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-1.989503e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-1.411985e-05 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
-1.395175e-07 
-8.613141e-08 
-8.655812e-07 
1.569706e-07 
8.913415e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
2 . 540866e-06 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
1.384521e-07 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 
0 . 000000e+00 


Fig. 7 Data reduction matrix coefficients (only 50 of 127 coefficient rows are shown). 
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ARM, % OF LOAD CAPACITY ; STANDARD DEVIATION = 4.3138 [in-lbs] OR 0.0863 % 

ARITHMETIC MEAN = -6.09e-08 % ; RATIO BETWEEN LARGEST RESIDUAL AND STANDARD DEVIATION = 3.11 ; CAPACITY = 5000.00 [in— lbs] 
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Fig. 8 Computed calibration load residuals versus data point indices. 
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